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(54) Incoherent light-emitting device apparatus for driving vertical laser cavity 



(57) A laser emitting apparatus includes an incoher- 
ent light-emitting device having a light-emitting layer 
wherein an electric field is applied across the light-emit- 
ting layer to produce light which is transmitted out of the 



incoherent light-emitting device and a vertical laser cav- 
ity structure disposed to receive light transmitted from 
the incoherent light-emitting device and produce laser 
light. 
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Description 

[0001] The present invention relates to the field of 
light-emitting devices, in particular, to organic-based 
solid-state lasers. 5 
[0002] Over the past n umber of years, there has been 
increasing interest in making organic-based solid-state 
lasers. The lasing material has been either polymeric or 
small molecule and a number of different resonant cav- 
ity structures were employed, such as, microcavity 10 
(US-A-6,160,828), waveguide, ring microlasers, and 
distributed feedback (see also, for instance, G. Kranzel- 
binder and others, Rep. Prog. Phys. 63, 729 [2000]) and 
M. Diaz-Garcia and others, US-A-5,881,083). A prob- 
lem with all of these structures is that in order to achieve 15 
lasing it was necessary to excite the cavities by optical 
pumping using another laser source. It is much pre- 
ferred to electrically pump the laser cavities since this 
generally results in more compact and easier to modu- 
late structures. 20 
[0003] A main barrier to achieving electrically- 
pumped organic lasers is the small carrier mobility of 
organic material, which is typically on the order of 10" 5 
cm 2 /(V-s). This low carrier mobility results in a number 
of problems. Devices with low carrier mobilities are typ- 25 
ically restricted to using thin layers in order to avoid large 
voltage drops and ohmic heating. These thin layers re- 
sult in the lasing mode penetrating into the lossy cath- 
ode and anode, which causes a large increase in the 
lasing threshold (V.G. Kozlov and others, J. Appl. Phys. 30 
84, 4096 [1998]). Since electron-hole recombination in 
organic materials is governed by Langevin recombina- 
tion (whose rate scales as the carrier mobility), low car- 
rier mobilities result in orders of magnitude more charge 
carriers than single excitons; one of the consequences 35 
of this is that charge-induced (polaron) absorption can 
become a significant loss mechanism (N. Tessler and 
others, Appl. Phys. Lett. 74, 2764 [1999]). Assuming la- 
ser devices have a 5% internal quantum efficiency, us- 
ing the lowest reported lasing threshold to date of ~1 00 40 
W/cm 2 (M. Berggren and others, Nature 389, 466 
[1997]), and ignoring the above mentioned loss mech- 
anisms, would put a lower limit on the electrically- 
pumped lasing threshold of 1000 A/cm 2 . Including these 
loss mechanisms would place the lasing threshold well 45 
above 1 000 A/cm 2 , which to date is the highest reported 
current density, which can be supported by organic de- 
vices (N. Tessler, Adv. Mater. 19, 64 [1998]). 
[0004] One way to avoid these difficulties is to use 
crystalline organic material instead of amorphous or- so 
ganic material as the lasing media. This approach was 
recently taken (J.H. Schon, Science 289, 599 [2000]) 
where a Fabry-Perot resonator was constructed using 
single crystal tetracene. By using crystalline tetracene 
larger current densities can be obtained, thicker layers ss 
can be employed, since the carrier mobilities are on the 
order of 2 cm 2 /(V-s), and polaron absorption is much 
lower. This resulted in room temperature threshold cur- 



rent densities of approximately 1500 A/cm 2 . One of the 
advantages of organic-based lasers is that since the 
material is typically amorphous, the devices can be 
formed inexpensively and they can be grown on any 
type of substrate. The single-crystal organic-laser ap- 
proach obviates both of these advantages. 
[0005] A few others have suggested pumping the or- 
ganic laser cavity with light-emitting diodes (LED's), ei- 
ther inorganic (M.D. McGehee and others, Appl. Phys. 
Lett. 72, 1536 [1998]) or organic (US-A-5,881,089). 
McGehee and others (M.D. McGehee and others, Appl. 
Phys. Lett. 72, 1536 [1998]) state that they needed to 
lower their thresholds by at least an order of magnitude 
to attempt laser pumping using an InGaN LED. Berg- 
gren and others (US-A-5,881,089) propose making an 
all organic unitary laser where one section of the device 
(the organic LED part) provides the incoherent radiation, 
while the adjacent section (the laser cavity) provides op- 
tical down conversion, gain and optical feedback. Berg- 
gren and others state that the lasing cavity should be 
either a waveguide with facets, a distributed-feedback 
waveguide cavity, a distributed-Bragg-reflector 
waveguide cavity, or a photonic-lattice cavity. Berggren 
and others, only showed data for the organic light-emit- 
ting diode (OLED) section of the device (its current-volt- 
age and voltage-luminance characteristics). With re- 
spect to the device's lasing characteristics, their only 
comment was that it produced coherent radiation at 
—620 nm. Since Berggren and others never gave any 
additional details with respect to the device's lasing op- 
eration, it is difficult to determine if the device lased as 
a result of excitation from the OLED section of the de- 
vice. 

[0006] It is an object of the present invention to pro- 
vide an improved arrangement for using light produced 
by an incoherent light-emitting device as input to a laser 
cavity structure for producing laser light. It has been 
found that a vertical laser cavity is particularly suitable 
for receiving incoherent light from the incoherent light- 
emitting device. 

[0007] This object is achieved by a laser emitting ap- 
paratus, comprising: 

a) an incoherent light-emitting device having a light- 
emitting layer and a means for applying an electric 
field across the light-emitting layer to produce light 
which is transmitted out of the incoherent light-emit- 
ting device; 

b) a vertical laser cavity structure disposed to re- 
ceive light transmitted from the incoherent light- 
emitting device, such structure including: 

(i) first means for receiving light from the inco- 
herent light-emitting device and being mainly 
transmissive or reflective over predetermined 
ranges of wavelengths; 
ii) an organic active layer for receiving light from 
the incoherent light-emitting device and from 
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the first light-receiving means and for produc- 
ing laser light; and 

iii) second means for reflecting light from the 
organic active layer back into the organic active 
layer, wherein a combination of the two means 
transmits the laser light. 

ADVANTAGES 

[0008] It is an advantage of the present invention to 
use a vertical cavity design incorporating high reflect- 
ance dielectric multilayer mirrors for both the top and 
bottom reflectors and to have the active material com- 
posed of small-molecular weight organic material. As a 
result the laser cavity has a very low threshold. This is 
a consequence of: 1) the small active volume; 2) the us- 
age of very low-loss, high-reflectivity dielectric mirrors; 
3) the lasing medium being composed of small-molec- 
ular weight organic materials which can be deposited 
very uniformly over the bottom dielectric stack; and 4) 
the lasing medium being composed of a host organic 
material (absorbs the incoherent radiation) and a small 
volume percentage dopant organic material (emits the 
laser light) which results in a high quantum efficiency 
and low scattering/absorption loss. It was also found, 
quite unexpectedly, that the threshold power density 
dropped by orders of magnitude as a result of signifi- 
cantly increasing the cross-sectional area and pulse 
width (on the order of microseconds) of the pump light 
beam. The consequence of the very low threshold for 
the vertical laser cavity is that it is unnecessary to use 
high power density devices (focused laser light) in order 
to cause the cavity to lase. As a result, low power density 
devices, such as unfocused OLED radiation, are suffi- 
cient light sources to be used for pumping the laser cav- 
ities. Combining an organic-based laser cavity with an 
OLED pump source results in an inexpensive and ver- 
satile laser source whose light output can be tuned over 
a large wavelength range. 

FIG. 1 is a schematic cross section of a prior art 
organic solid-state laser device; 
FIG. 2 is a schematic cross section view of an elec- 
trically-pumped organic solid-state laser apparatus 
made in accordance with the present invention, the 
apparatus being composed of two sections: one 
section is an electrically-driven OLED device which 
emits incoherent radiation; while the second section 
is a low threshold vertical laser cavity which absorbs 
the OLED radiation and emits laser light at a longer 
wavelength; 

FIG. 3 is a schematic cross section view of a further 
exemplary embodiment of the present invention; 
FIG. 4 is a log-log plot of the dependence of output 
power on the input excitation power for an exem- 
plary embodiment of a vertical laser cavity dis- 
cussed in Example 1 ; 

FIG. 5 is a high resolution spectrum of the lasing 



transition emitted from the vertical laser cavity of 
Example 1; 

FIG. 6 is a log-log plot of the dependence of output 
power on the input excitation power for two exem- 

5 plary embodiments of a vertical laser cavity dis- 
cussed in Example 2. Cavities A and C have active 
layer thicknesses of 195 and 780 nm, respectively; 
FIG. 7 is a spectrum of the output intensity emitted 
by the (vertical laser) Cavity A structure discussed 

10 jn Example 2. The light is collected in the normal 
viewing direction; 

FIG. 8 is a log-log plot of the dependence of output 
power on the input excitation power for the (vertical 
laser) Cavity B (390 nm active layer thickness) 

15 structure discussed in Example 2; 

FIG. 9 is a spectrum of the relative output intensity 
of the OLED device discussed in Example 3. The 
OLED was driven at 20 mA/cm 2 and the radiation 
was collected in the normal viewing direction; 

20 FIG. 10 is a high resolution spectrum of the lasing 
transition emitted from the OLED-pumped vertical 
laser cavity (Cavity A) of Example 3; and 
FIG. 11 is a log-log plot of the dependence of output 
power on the drive current for an electrically-driven 

25 organic solid-state laser device of Example 3, 
where the vertical laser cavity structure is Cavity B 
and the OLED is being driven using pulse widths of 
2 us and 8 jxs. 

30 [0009] In order to more fully appreciate the construc- 
tion and performance of the two-section electrically-driv- 
en organic solid-state laser apparatus, a prior art organ- 
ic laser-cavity device 100 of FIG. 1 will be described. 
[0010] In the prior art shown in FIG. 1 , an organic la- 

35 ser-cavity device 100 has a transparent substrate 105 
on which is formed a mirror layer 110. The transparent 
substrate 105 can be glass or quartz, while the mirror 
layer 110 is a distributed Bragg reflector (DBR) dielectric 
mirror stack. DBR mirrors consist of A/4 thick dielectric 

40 layers, where X represents the center wavelength of the 
DBR mirror reflective stopband, and the stack alternates 
layers of high and low refractive index. The reflectance 
of the DBR mirror is typically in excess of 99%. Typical 
dielectric materials used in forming the DBR mirror is 

45 Si0 2 for the low-index material and Ti0 2 or Ta 2 0 5 for 
the high-index material. An organic active layer 115 is 
formed over the DBR mirror 110. The active layer 115 
can be composed of either small-molecular weight or- 
ganic material or conjugated polymer organic material. 

so The small-molecular weight organic material is typically 
deposited by high-vacuum thermal evaporation, while 
the conjugated polymers are usually formed by spin 
casting. Over the active layer 115 is deposited a metal 
120 by thermal evaporation. Typical metals are silver or 

55 aluminum, which have reflectivities in excess of 90%. 
To get the device 100 to lase, the active material 115 is 
optically pumped by an incident light beam 125. Be- 
cause of the requirement that the incident light beam 
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125 deliver a high optical energy density to the active 
layer 115, it is typical to use a laser as the incident light 
source in combination with an appropriate lens. The ac- 
tive material 115 absorbs the incident pump beam and 
then emits some fraction of that energy as light of a long- 
er wavelength. Some of the long-wavelength light is 
emitted as unwanted spontaneous emission, while an- 
other fraction is emitted as stimulated emission 130 
which is directed normal to the plane of the layers and 
exits the device through the bottom DBR mirror 110 and 
the transparent substrate 1 05. 

[001 1] The high lasing threshold of the prior art device 
100 is the result of a number of factors. Using a metal 
layer as one of the reflectors results in approximately 
10% of the laser light lost during each round trip inside 
of the laser cavity. In addition, having metals within 
—150 nm of the active layer can result in significant 
quenching of the active material's fluorescence (K. B. 
Kahen, Appl. Phys. Lett. 78, 1649 [2001]). It is also typ- 
ical to use conjugated polymers as the active material. 
Since these materials are deposited by spin casting, it 
is difficult to achieve good thickness uniformity over the 
surface of the active layer. These thickness nonuniform- 
ities would result in differences in the round trip phase 
as a function of lateral position on the device. As a result; 
destructive interference can occur which would lead to 
higher thresholds. An additional issue for conjugated 
polymer active layers (which don't use host-dopant com- 
binations) is that at the lasing wavelength there is still 
significant absorption from the active material. 
[0012] FIG. 2 is a schematic cross section of an elec- 
trically-pumped organic solid-state laser apparatus 200 
made in accordance with the present invention. It is 
composed of two sections. The first section 201 is a ver- 
tical laser cavity which differs from the prior art in that 
the substrate 205 can be transparent or optically dense, 
both reflectors, 210 and 220, are DBR mirrors and the 
active layer 21 5 is formed from organ ics which employ 
a host-dopant material system. In the preferred embod- 
iment, layer 205 is a Si substrate; however, it can be any 
optically-flat substrate upon which a DBR mirror can be 
grown. A DBR mirror 210 is deposited on the substrate 
205. It is preferred to be grown by conventional sputter- 
ing or electron-beam (e-beam) deposition since it is im- 
portant to get accurate thicknesses for the dielectric lay- 
ers. In order to get optimum performance from the ver- 
tical laser cavity, the bottom DBR mirror is designed to 
reflect not only the laser light 230, but also the incoming 
OLED light 225. Consequently, besides depositing the 
A/4-thick alternating high and low refractive index die- 
lectric layers (where X is chosen near the desired lasing 
wavelength), additional alternating high and low refrac- 
tive index dielectric layers are deposited such that there 
results a broad reflection maximum for the OLED light 
225. In particular, it is only necessary to reflect that por- 
tion of the OLED light 225 which is absorbed by the ac- 
tive layer 215 host material. It is preferred that at the 
losing wavelength the reflectance of the bottom DBR 



mirror be greater than 99.9%, while the reflectance max- 
imum for the OLED light 225 should be greater than 
90%. Over the DBR mirror 210 is deposited the organic 
active layer 215, which can be formed by conventional 
5 high-vacuum (1 0" 7 Torr) thermal vapor deposition or by 
spin casting from solution. In order to obtain low thresh- 
olds, it is preferred that the thickness of the active layer 
215 be integer multiples of 1/2, where k is the lasing 
wavelength. The lowest thresholds are obtained for the 
10 integer multiple being either 1 or 2. The active layer 215 
comprises host and dopant organic molecules. It is pre- 
ferred that the organic molecules be of small-molecular 
weight since currently they can be deposited more uni- 
formly. The host materials used in the present invention 
15 are selected from any materials that have sufficient ab- 
sorption of the OLED light 225 and are able to transfer 
a large percentage of their excitation energy to a dopant 
material via Forster energy transfer. Those skilled in the 
art are familiar with the concept of Forster energy trans- 
20 fer, which involves a radiationless transfer of energy be- 
tween the host and dopant molecules. An example of a 
useful host-dopant combination for red-emitting lasers 
is aluminum tris(8-hydroxyquinoline) (Alq) as the host 
and 4-(dicyanomethylene)-2-t-butyl-6-(1.1 ,7,7-tetrame- 
25 thyljulolidyl-9-enyl)-4H-pyran (DCJTB) as the red-emit- 
ting dopant. A DBR mirror 220 is deposited over the ac- 
tive layer 215. It is also deposited by conventional e- 
beam deposition; however, this time it is preferred that 
during the deposition process the temperature of the or- 
30 ganic stay below 75°C. DBR mirror 220 is composed of 
A/4-thick alternating high and low refractive index die- 
lectric layers in order to get a high-reflectance at the las- 
ing wavelength, X^; additional alternating high and low 
refractive index dielectric layers are also deposited such 
35 that there results a broad transmission maximum for the 
OLED light 225. It is preferred that at the lasing wave- 
length the reflectance of the top DBR mirror 220 be 
greaterthan 98%, while it transmits greater than 90% of 
the OLED light 225. 
40 [0013] The second section 231 of the organic solid- 
state laser device 200 is one or more electrically-driven 
organic light-emitting diode devices which produce in- 
coherent light within a predetermined portion of the 
spectrum. For an example of an OLED device, see com- 
^5 monly assigned US-A-6, 172,459 to Hung and others, 
and the references cited therein, the disclosures of 
which are incorporated by reference. 
[0014] The organic light-emitting device 231 has a 
transparent substrate 235 on which is formed a trans- 
50 parent hole-injecting anode 240. The substrate 235 can 
be glass or quartz, and the anode 240 is preferably a 
thin layer of indium tin oxide (ITO) formed over the sub- 
strate 235. The ITO can be deposited by evaporation, 
sputtering, and chemical vapor deposition and has a 
55 preferred thickness range from 20-150 nm. An organic 
hole-transport layer 245 is formed over the anode 240, 
an organic light-emitting layer 250 is formed over the 
hole-transport layer 245, and an organic electron-trans- 
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port layer 255 is formed over the emitting layer 250. As 
an example for these three layers, a useful structure in- 
cludes a diamine layer, such as, 4,4'-bis[N-(1-naphthyl) 
-N-phenylamino]biphenyl (NPB) for the hole-transport 
layer 245, undoped 9,10-Bis(2-naphthalenyl)anthra- 
cene (ADN) as the emitter layer 250 , and Alq as the elec- 
tron-transport layer 255. These organics are typically 
prepared by high-vacuum thermal evaporation. Their 
preferred thicknesses are 40-250 nm for the NPB, 10-50 
nm for the ADN, and 10-200 nm for the Alq. Lastly, a 
cathode layer 260 is formed over the electron-transport 
layer 255, and of a material selected to have a work 
function less than 4.0 eV. A preferred cathode layer 260 
is MgAg, where the MgAg volume ratio is 10:1 . It can be 
formed by conventional thermal vapor deposition with a 
layer thickness in a preferred range from 50 to 300 nm. 
As is well understood in the art, a voltage V can be ap- 
plied across the anode and cathode to provide the nec- 
essary electric field for causing the light-emitting layer 
to produce the pump beam light, which is transmitted 
out of the organic light-emitting diode device. The volt- 
age V can be continuous or in the form of pulses. 
[0015] Under typical bias conditions, electrons (neg- 
ative-charge carriers) will be injected from the cathode 
260 into the organic electron-transport layer 255, and 
holes (positive charge carriers) will be injected from the 
anode 240 into the organic hole-transport layer 245. 
Electrons and holes are transported through the corre- 
sponding organic layers 255 and 245 and into the or- 
ganic light-emitting layer 250. In the organic light-emit- 
ting layer 250 the electrons and holes mainly recombine 
near the junction between the hole-transport layer 245 
and the light-emitting layer 250. The resulting recombi- 
nation results in light emission from the organic light- 
emitting layer 250. Of the light generated in the emitting 
layer, approximately 50% is directly emitted in the direc- 
tion of the substrate 235, while the other 50% is emitted 
toward the cathode 260 where it is partially back-reflect- 
ed in the direction of the substrate. A combination of the 
back-reflected light and the directly-emitted light result 
in the total light 225 exiting the device through the sub- 
strate 235. 

[0016] After exiting the organic light-emitting device 
231 , the OLED light 225 enters the laser cavity 201 
through the top DBR mirror 220. As a result of the top 
DBR mirror design, the majority of that light passes into 
the active layer 21 5. By construction, the active layer 
host absorbs some fraction of the OLED light 225. Of 
the fraction of light which did not get absorbed (for cases 
where the active layer's absorption length is too small), 
the remaining fraction of light 225 enters the bottom 
DBR mirror layer 21 0, where by design a large fraction 
of the light is back-reflected into the active layer for a 
second pass. During the second pass, an additional 
fraction of the OLED light 225 is absorbed by the active 
layer host. Via the Forster energy transfer mechanism, 
the light energy absorbed by the host is non-radiatively 
transferred to the dopant molecules. It is preferred that 



the dopant molecule has a high quantum efficiency for 
emission since that results in the majority of the non- 
radiatively transferred energy being re-emitted as long- 
er wavelength light. For example, with ADN as the 
5 OLED light emitter material, Alq as the active layer host, 
and DCJTB as the active layer dopant, the emitted 
OLED light is blue, Alq mainly absorbs in the blue, while 
DCJTB emits in the red. The laser cavity 201 is designed 
to be a high-Q cavity for red light, especially for wave- 
io lengths where the top and bottom DBR mirrors have 
their highest reflectivities. Those skilled in the art are 
familiar with the concept that lasing occurs at a particular 
wavelength which has the highest net gain. At that 
wavelength, the laser light 230 reflects many times be- 

15 tween the top and bottom DBR mirrors prior to being 
emitted mainly through the top DBR mirror 220 (since 
by design the mirror loss of the bottom DBR mirror is 
much lower than that of the top DBR mirror). 
[0017] FIG. 3 schematically shows another exempla- 

20 ry embodiment of the present invention. In FIG. 3 the 
vertical laser cavity and the electrically-driven organic 
light-emitting diode device have been combined into an 
integrated device. The organic solid-state laser device 
of FIG. 3 operates very analogously to the laser of FIG. 

25 2, except for the following. For this embodiment the 
transparent substrate layer 235 is the substrate for both 
the vertical laser cavity and the OLED device. The other 
major difference with respect to FIG. 2 is that the OLED 
light 225 enters the vertical laser cavity through the bot- 

30 torn DBR mirror 210. Consequently, the bottom DBR 
mirror 210 is composed of alternating high and low re- 
fractive index dielectric layers, such that, at the wave- 
length for the laser light 230 its reflectivity is greater than 
99.9% and it transmits greater than 90% of the OLED 

35 light 225. Correspondingly, the top DBR mirror 220 is 
composed of alternating high and low refractive index 
dielectric layers, such that at the wavelength for the la- 
ser light 230, its reflectivity is greater than 98% and it 
reflects greater than 90% of the OLED light 225. It 

40 should be noted that the present invention includes the 
situation where the incoherent light source is mounted 
directly on a substrate and the vertical laser cavity struc- 
ture is mounted on the incoherent light source. 
[0018] The following examples are presented for a 

45 further understanding of the present invention and are 
not to be construed as limitations thereon. 

Example 1 

so [0019] In order to determine the general lasing char- 
acteristics of the organic solid-state laser device de- 
scribed in FIG. 2, a vertical laser cavity structure was 
formed on a pre-cleaned 4-inch Si substrate. Over the 
substrate was deposited by conventional e-beam dep- 

55 osition the bottom DBR mirror, which was composed of 
alternating high and low refractive index layers of Ta 2 0 5 
and Si0 2 , respectively. The resulting mirror had a great- 
er than 99% reflectance stop band between 600 and 720 
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nm, where at the center wavelength of 660 nm its reflec- 
tivity was greater than 99.999%. On the top of the bot- 
tom DBR mirror was deposited by high vacuum thermal 
evaporation the active layer composed of 200 nm of Alq 
doped with 1% of DCJTB. Lastly, the top DBR mirror 
was deposited by low temperature e-beam deposition, 
such that the measured temperature of the Si substrate 
was kept below 72° C. It was composed of alternating 
high and low refractive index layers of Ti0 2 and SiO z , 
respectively. The resulting mirror had a greater than 
99% reflectance stop band between 665 and 775 nm, 
where at the center wavelength of 720 nm its reflectivity 
was greater than 99.9%. The active layer thickness was 
chosen, such that, the vertical laser cavity structure 
would have a lasing wavelength, X i% of approximately 
690 nm. More specifically, the active layer thickness was 
chosen to be X^/2n, where n (=1.691) is the measured 
index of refraction of the active material at 690 nm. 
[0020] The vertical laser cavity structure was optically 
pumped using a blue GaN laser diode (X=41 9 nm). The 
diode was driven by a function generator (HP) at 8 V 
with a 4 KHz repetition rate so as to produce 50 ns puls- 
es. It was determined that at 8 V the diode puts outs 
—30 mW cw. Using a 1 60 mm lens, the pump beam was 
focused normally onto the surface of the vertical laser 
cavity structure to a measured spot size of 62 jim. The 
energy of the pulses were varied through use of calibrat- 
ed neutral density filters. The emission spectrum in the 
cavity normal direction (with approximately a 1 6° full an- 
gle acceptance cone) was frequency dispersed using a 
double monochromator (Spex) and detected by a 
cooled photomultiplier tube (Hamamatsu). 
[0021] FIG. 4 shows a log-log plot of the dependence 
of output power on the input excitation power for both 
the laser transition at 684 nm and a spontaneous emis- 
sion peak at 626 nm. The spontaneous emission peak 
at 626 nm is due to the sharp fall-off in the reflectance 
of the top DBR mirror beyond the reflectance stop band 
(665-775 nm); thus, at 626 nm the measured reflectance 
of the top stack is approximately 3%. As can be seen 
from the figure, only the lasing transition shows a kink 
in the power plot for low excitation energies, while both 
transitions roll-off at high power densities due to a 
quenching phenomenon. Even more significant is that 
the threshold pump power density is approximately 0.06 
W/cm 2 (or 3 nJ/cm 2 ), which is orders of magnitude 
smaller than the lowest thresholds reported to date in 
the literature (M. Berggren and others, Nature 389, 466 
[1997]) and T. Granlund and others, Chem. Phys. Lett. 
288, 879 [1 998]). Lastly, the figure shows that the slope 
of the lasing transition is greater than that of the spon- 
taneous emission feature (0.91 compared to 0.75). Be- 
sides the kink in the power plot and the larger slope for 
the lasing transition, additional evidence for lasing is giv- 
en in FIG. 5, which shows a high-resolution spectrum of 
the lasing peak near 684 nm. Since the FWHM of the 
peak is 0.4 nm, which is at the resolution limit of the mon- 
ochromator, the lasing transition is at least this narrow. 



On the other hand, the measured FWHM of the sponta- 
neous emission peak at 626 nm is 7 nm. Both peaks 
were measured at an input power of 0.6 W/cm 2 (an order 
of magnitude above the lasing threshold), 
s [0022] This example demonstrates that by employing 
vertical laser cavity structures of our design, extremely 
low lasing thresholds can be obtained. It is the result of 
these low thresholds which will enable us to excite these 
laser cavities using incoherent light sources. 

10 

Example 2 

[0023] In this example vertical laser cavity structures 
analogous to those described in Example 1 will be dis- 
15 cussed. Three cavities (with Si substrates) were con- 
structed which nominally were designed to lase at 660 
nm. Cavity A had an active layer thickness of X A l2n (= 
195 nm), cavity B had an active layer thickness of jL,/n 
(= 390 nm), and cavity C had an active layer thickness 
20 of 2A 1 /n (= 780 nm). All three active layers were com- 
posed of Alq doped with 1 % of DCJTB. The top and bot- 
tom DBR mirrors were the same in all three cases and 
were constructed as follows. The bottom DBR mirror 
was composed of alternating high and low refractive in- 

25 dex layers of Ti0 2 and Si0 2 , respectively. The resulting 
mirror had a greater than 99% reflectance stop band be- 
tween 580 and 750 nm, where at the center wavelength 
of 665 nm its reflectivity was greater than 99.999%. In 
addition, the mirror had a broad reflectance maximum 

30 centered at 445 nm, whose peak reflectance was great- 
er than 92%.. The top DBR mirror was also composed 
of alternating high and low refractive index layers of Ti0 2 
and Si0 2 , respectively. The resulting mirror had a great- 
erthan 99% reflectance stop band between 625 and 745 

35 nm, where at the center wavelength of 685 nm its reflec- 
tivity was greater than 99.9%. In addition, the mirror had 
a broad transmission maximum centered at 445 nm, 
where the average transmittance was greater than 97%. 
[0024] FIG. 6 shows a log-log plot of the dependence 

40 of output power on the input excitation power for Cavity 
A (195 nm thick active layer) and Cavity C (780 nm thick 
active layer), where again the excitation source is the 
GaN laser diode operating at 8 V with a 5 KHz repetition 
rate and producing 50 ns wide pulses. For Cavities A 

45 and C the lasing transitions occurred at 671 .5 and 681 
nm, respectively. The figure shows that the lasing tran- 
sition becomes more pronounced for microcavities con- 
taining larger active layer thicknesses. This microcavity 
observation was previously noted by Yokoyama and 

50 others (H. Yokoyama and others., Appl. Phys. Lett. 58, 
2598 [1991]) and is additional evidence that the vertical 
cavities are producing laser light. Also in agreement with 
the results of Yokoyama and others, the figure shows 
that the threshold power increases as the active layer 

55 thickness goes from 195 nm to 780 nm (0.07 W/cm 2 to 
0.22 W/cm 2 ). It should be noted that for Cavity C the 
threshold power density was taken at the end of the high 
slope transition region; more than likely the threshold 
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occurs somewhere within the transition region. 
[0025] For Cavity A, FIG. 7 shows a spectrum of the 
lasing transition at 671.5 nm and a spontaneous emis- 
sion peak at approximately 594 nm for an input excita- 
tion power of 7 W/cm 2 (two orders of magnitude above 
the lasing threshold). Again the spontaneous emission 
peak appears due to the sharp fall-off in the reflectance 
of the top DBR mirror beyond its reflectance stop band 
(625-745 nm). As before, its FWHM is ~7 nm. The figure 
shows that the cavity's emission spectrum is completely 
dominated by the high gain, spectrally narrow laser tran- 
sition. 

[0026] FIG. 8 shows a log-log plot of the dependence 
of output power on the input excitation power for Cavity 
B (390 nm thick active layer) for three different input 
beam excitation conditions, to be called Cavities B1 , B2, 
and B3. Cavities B1-B3 refer to three different laser 
pump beam conditions: B1) 10 KHz repetition rate, 10 
ns pulse width, and a 62 urn circular beam spot; B2) 4 
KHz repetition rate, 50 ns pulse width, and a 2.5 mm 
wide square spot; and B3) 4 KHz repetition rate, 2 us 
pulse width, and a 2.5 mm wide square spot. All three 
of them were excited with the GaN laser diode operating 
at voltages of 8, 8, and 7 V, respectively (7 V corre- 
sponds to —22 mW cw). All three cavities had lasing 
wavelengths near 666 nm. The general trend from the 
figure is that the threshold power density decreases 
both due to an increase in the beam spot size and pulse 
width (as qualified below). Comparing the results from 
FIG. 8 with that from FIG. 6, it is seen that the threshold 
power density result for Cavity B1 (.14 W/cm 2 ) is in line 
with those for Cavities A (0.07 W/cm 2 ) and C (0.22 W/ 
cm 2 ). As a result, there appears to be no (or at best a 
small) impact of going from a 10 ns to 50 ns pump beam 
pulse width. Comparing Cavities B1 and B2 it can be 
seen that the threshold drops by a factor 35 as a result 
of increasing the input beam spot area by a factor of 
2000. It is important to note that the below and above 
threshold log-fog power-curve slopes are very analo- 
gous for these two conditions: 0.68 and 0.96 for Cavity 
B1 and 0.71 and 0.91 for Cavity B2 (note that for Cavity 
A the corresponding slopes were 0.76 and 0.92). Next 
comparing Cavities B2 and B3, it can be seen that in- 
creasing the pulse width from 50 ns to 2 us results in a 
further drop in the threshold power density by a factor 
of 1 0 to 0.0004 W/cm 2 . Remarkably the above threshold 
log-log power-curve slope remains nearly unchanged at 
0.92, while the below threshold slope markedly increas- 
es to 1 .24 (to become a lasing transition region). Com- 
bining both of these results (comparing Cavities B1 and 
B3), a greater than two orders of magnitude drop in the 
threshold power density occurs upon increasing the 
spot size from 3 x 10" 5 to 0.063 cm 2 and increasing the 
pump beam width from 50 ns to 2 u.s. Finally, for Cavity 
B3 its power conversion efficiency (laser power out di- 
vided by pump beam power in) was determined to be 
approximately 0.06% at an order of magnitude above 
the threshold input power density. Consequently, 1.67 



mW of blue input power is required to produce 1 u.W of 
red output power. By lowering the top DBR mirror reflec- 
tivity and providing some lateral confinement to the las- 
ing mode, it should be possible to raise considerably the 

5 power conversion efficiency number. 

[0027] This example demonstrates, quite unexpect- 
edly, that through increases in the pump beam pulse 
width and beam size, one can obtain significant drops 
in the lasing threshold power density, which will further 

10 enable OLED driven (electrically-pumped) laser cavi- 
ties. 

Example 3 

15 [0028] This is an example of the embodiment given in 
FIG. 2, where the incoherent light output 225 from an 
organic light-emitting diode 231 is used to drive a verti- 
cal laser cavity structure 201 . Cavities A and B, as de- 
scribed in Example 2, were used as the vertical laser 

20 cavity structures, while the OLED device was construct- 
ed as follows: 

a) a 85 nm thick transparent anode of ITO-coated 
glass was ultrasonicated in a commercial deter- 
ge gent, rinsed in deionized water, degreased in tolu- 
ene vapor, and contacted by a strong oxidizing 
agent; 

b) a 150 nm thick NPB hole-transport layer was de- 
posited over the ITO anode by conventional thermal 

30 vapor deposition; 

c) a 30 nm thick ADN light-emitting layer was de- 
posited over the NPB layer by conventional thermal 
vapor deposition; 

d) a 20 nm thick Alq electron-transport layer was 
35 deposited over the light-emitting layer by conven- 
tional thermal vapor deposition; 

e) a 1 00 nm thick MgAg cathode was deposited over 
the electron-transport layer by conventional thermal 
vapor deposition. The Mg to Ag volume ratio was 

40 10:1. 

[0029] The OLED device was driven electrically by a 
function generator (HP) in series with an amplifier 
(Avtech) which could deliver to high impedance loads 

45 from 0 to 24 V. In order to monitor the current delivered 
to the OLED device, a 27 ohm resistor was put in series 
with the OLED and its voltage was measured by a 1 00 
MHz digital oscilloscope (Textronics). A pair of 60 mm 
lenses was used to 1 :1 image the output from the OLED 

50 pixel (3 mm x 3 mm) normally on to the surface of the 
vertical laser cavity structures. 

[0030] At a cw drive current of 20 mA/cm 2 , the OLED 
device had a measured radiance (collected in the nor- 
mal viewing direction) of 1 .46 W/(Sr-m 2 ). FIG. 9 shows 
55 a spectral plot of the OLED's relative radiance. As can 
be seen from the figure, the peak radiance is at 448 nm. 
Since the Alq absorption coefficient rapidly begins to 
drop at 450 nm, only a portion of the OLED output is 
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absorbed by the laser cavity. 

[0031] FIG. 10 shows a spectrum of the laser output 
from Cavity A driven by the incoherent light produced 
by the OLED device. Results are given at an OLED cur- 
rent just above threshold. The spectrum was measured 
by a monochromator with slightly less resolution (0.55 
nm instead of 0.40 nm) than the one used for FIG. 5. As 
a result, the FWHM of the laser line is 0.55 nm. It should 
be noted also that for Cavity A d riven by 50 ns wide laser 
pulses focused to a 62 u.m spot, the monochromator 
used for FIG. 10 also measured a spectral width of 0.55 
nm. Consequently, the narrowness of the lasing transi- 
tion is unaffected by going to a wider (in time and area) 
and incoherent input pump beam. 
[0032] FIG. 1 1 shows a log-log plot of the dependence 
of the laser output power on the OLED current density 
for the electrically-pumped organic solid-state laser de- 
vice (Cavity B is the vertical laser cavity structure). Re- 
sults are given for two different current pulse widths of 
2 us and 8 us, where for both cases the repetition rate 
is 4 KHz. Each of the log-log power curves shows three 
linear sections (and two corresponding kinks). The high 
slope of the first linear portion of the log-log power plot 
is due to the non-linear effects of the RC time constant 
of the OLED device which is on the order of 1 us for 
small OLED drive currents. For the 2 us pulsed device, 
the middle and upper linear sections have slopes of 1 .22 
and 1 .04, respectively, which are very similar to the 1 .24 
and 0.92 slopes reported above in Example 2 with ref- 
erence to Cavity B3 (same laser cavity but driven with 
a laser input beam whose beam shape and pulse width 
nearly match that of the OLED output). The similarity 
between the power slopes for the laser-driven and 
OLED-driven vertical laser cavities shows that the pow- 
er curve characteristics don't depend on either the co- 
herency or spectral characteristics of the pump beam 
power source. Forthe 8 us pulsed device, FIG. 11 shows 
that it behaves similarly to the 2 us pulsed device, with 
the linear slopes of the middle and upper sections being 
1.13 and 0.98, respectively. The figure also shows that 
the threshold currents are approximately 0.5 and 0.3 N 
cm 2 for the 2 and 8 us pulsed devices, respectively. As 
discussed above the electrically-pumped crystalline or- 
ganic laser reported recently by Schon and others (J.H. 
Schon, Science 289, 599 [2000]) had a threshold cur- 
rent of 1 500 A/cm 2 , which is a factor of 5,000 larger than 
the device of this example. 

[0033] Other features of the invention are included be- 
low. 

[0034] A vertical laser cavity structure disposed to re- 
ceive an incoherent pump beam light transmitted from 
another device, such structure comprising: 



ser light; and 

c) a second DBR mirror for reflecting transmitted 
device light and laser light from the organic active 
layer back into the organic active layer, wherein a 
5 combination of the two DBR mirrors transmits the 
laser light. 

[0035] The laser emitting structure wherein by in- 
creasing the cross-sectional area of the pump beam and 
10 providing a pump beam having pulse widths on the order 
of microseconds, thereby permitting a reduction in the 
threshold power density. 



15 Claims 

1. A laser emitting apparatus, comprising: 

a) an incoherent light-emitting device having a 
20 light-emitting layer and a means for applying an 

electric field across the light-emitting layer to 
produce light which is transmitted out of the in- 
coherent light-emitting device; 

b) a vertical laser cavity structure disposed to 
2 5 receive a pump beam light transmitted from the 

incoherent light-emitting device, such structure 
including: 

i) first means for receiving light from the in- 
30 coherent light-emitting device and being 

mainly transmissive or reflective over pre- 
determined ranges of wavelengths; 

ii) an organic active layer for receiving light 
from the incoherent light-emitting device 

3 5 and from the first light-receiving means and 

for producing laser light; and 

iii) second means for reflecting light from 
the organic active layer back into the or- 
ganic active layer, wherein a combination 

*o of the two means transmits the laser light. 

2. The laser emitting apparatus of claim 1 wherein the 
incoherent light-emitting device is either spaced 
from or directly connected to the vertical laser cavity 

*s structure. 

3. The laser emitting apparatus of claim 1 wherein the 
vertical laser cavity structure is selected to produce 
laser light in a predetermined range of the spec- 
if trum. 

4. A laser emitting apparatus, comprising: 



a) a first DBR mirror for receiving and transmitting 
device light and being reflective to laser light over 55 
a predetermined range of wavelengths; 

b) an organic active layer for receiving transmitted 
light from the first DBR mirror and for producing la- 



a) an organic light-emitting device having a 
I ight-emitting layer and a means for applying an 
electric field across the light-emitting layer to 
produce light which is transmitted out of the or- 
ganic light-emitting device; 
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b) a vertical laser cavity structure disposed to 
receive a pump beam light transmitted from the 
organic light-emitting device, such structure in- 
cluding: 

5 

i) a first DBR mirror for receiving and trans- 
mitting light from the organic light-emitting 
device and being reflective to laser light 
over a predetermined range of wave- 
lengths; 10 

ii) an organic active layer for receiving 
transmitted light from the first DBR mirror 
and for producing laser light; and 

iii) a second DBR mirror for reflecting trans- 
mitted OLED light and laser light from the 15 
organic active layer back into the organic 
active layer and for transmitting laser light. 

5. The laser emitting apparatus of claim 4 wherein the 
organic light-emitting device is either spaced from 20 
or directly connected to the vertical laser cavity 
structure. 

6- The laser emitting apparatus of claim 4 wherein the 
vertical laser cavity structure is selected to produce 25 
laser light in a predetermined range of the spec- 
trum. 

7. The laser emitting apparatus of claim 4 wherein the 
organic light-emitting device comprises: 30 

a) a transparent substrate; 

b) a transparent anode layer disposed over the 
substrate; 

c) a hole-transport layer disposed over the an- 35 
ode layer; 

d) a light-emitting layer disposed over the hole- 
transport layer; 

e) an electron transport layer disposed over the 
light-emitting layer; and 40 

f) a cathode disposed over the electron trans- 
port layer. 

8. A laser emitting apparatus, comprising: 

45 



over a predetermined range of wave- 
lengths; 

ii) an organic active layer for receiving 
transmitted OLED light from the first DBR 
mirror and for producing laser light; and 

iii) a second DBR mirrorfor reflecting trans- 
mitted OLED light and laser light from the 
organic active layer back into the organic 
active layer, the first DBR mirror being 
adapted to transmit laser light. 

9. The laser emitting apparatus of claim 8 wherein the 
organic light-emitting device is either spaced from 
or directly connected to the vertical laser cavity 
structure. 

1 0. The laser emitting apparatus of claim 8 wherein the 
vertical laser cavity structure is selected to produce 
laser light in a predetermined range of the spec- 
trum. 



a) an organic light-emitting device having a 
light-emitting layer and a means for applying an 
electric field across the light-emitting layer to 
produce light which is transmitted out of the or- 
ganic light-emitting device; so 

b) a vertical laser cavity structure disposed to 
receive a pump beam fight transmitted from the 
organic light-emitting device, such structure in- 
cluding: 

55 

i) a first DBR mirrorfor receiving and trans- 
mitting light from the organic light-emitting 
device and being reflective to laser light 
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